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Abstract
We compute the initial energy densities produced in ultrarelativistic heavy-ion collisions from NLO perturbative QCD
using a saturation conjecture to control soft particle production, and describe the subsequent space-time evolution of
the system with hydrodynamics, event by event. The resulting centrality dependence of the low-pT observables from
this pQCD + saturation + hydro (”EKRT”) framework are then compared simultaneously to the LHC and RHIC
measurements. With such an analysis we can test the initial state calculation, and constrain the temperature depen-
dence of the shear viscosity-to-entropy ratio η/s of QCD matter. Using these constraints from the current RHIC and
LHC measurements we then predict the charged hadron multiplicities and flow coefficients for the 5.023 TeV Pb+Pb
collisions.
1. Introduction
The basic assumption in the EKRT framework is that the initial transverse energy production in ultrarelativistic
heavy-ion collisions can be calculated by using perturbative QCD and collinear factorization, and that the production
is locally controlled by a semi-hard saturation scale psat [1, 2].
Using hydrodynamics with the EKRT initial conditions, we show that we can describe a multitude of low-pT
observables simultaneously at RHIC and LHC energies, and constrain the QCD η/s(T ) [3]. Moreover, once the model
parameters are fixed at one collision energy, the results for the other collision energies are predictions, and we can
predict the low-pT observables in 5.023 TeV Pb+Pb collisions at the LHC [4].
The minijet transverse energy ET produced into the rapidity interval ∆y per unit transverse area in A+A collisions
can be computed by using collinear factorization as [2]
dET
d2r
(p0,
√
sNN , A,∆y, r,b; β) = TA(r + b/2)TA(r − b/2)σ〈ET 〉p0,∆y,β, (1)
where p0  ΛQCD is the transverse momentum cut-off scale, r is the transverse coordinate and b is the impact
parameter and TA is the nuclear thickness function. The basic input to the calculation of σ〈ET 〉p0,∆y,β are the NLO
pQCD partonic cross-sections [5, 6] and the nuclear parton distributions [7]. The parameter β ∈ [0, 1] (here β = 0.8)
controls the minimum ET in ∆y defined in the measurement functions that render the NLO calculation of ET infra-red
and collinear safe [2].
The cut-off scale p0 is obtained from the NLO generalization [2] of the EKRT saturation condition [1]
dET
d2r
(p0,
√
sNN , A,∆y, r,b; β) =
Ksat
pi
p30∆y, (2)
where Ksat is a free parameter. The r dependence of the solution p0 = psat(
√
sNN , A,∆y, r,b; β,Ksat) enters essentially
only through TA(r) [8, 9], i.e. psat ∼ [TATA]n.
The event-by-event fluctuations enter through the fluctuations in TA. These are calculated by first sampling the
nucleon positions from the Woods-Saxon nucleon density profiles, and then setting a gaussian transverse density
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Figure 1: The tested temperature dependences of η/s. From [4].
around each nucleon, with width σ = 0.43 fm, obtained from the measurements of J/ψ electroproduction [10]. The
nuclear TA is then a sum of the nucleon thickness functions.
The local energy density at the formation time τs(r) = 1/psat(r) is then
e(r, τs(r)) =
dET
d2r
1
τs(r)∆y
=
Ksat
pi
[psat(r)]4. (3)
The energy density profile need still to be evolved to a common time τ0 = 1/pminsat = 0.2 fm, at which we start the
hydro. We use simple 0+1 D Bjorken hydrodynamics for this “pre-thermal” evolution. At the edges of the system,
where pminsat = 1 GeV, the energy density profile is connected smoothly to a binary profile.
The spacetime evolution of the system is then solved by 2+1 D dissipative fluid dynamics, with the coefficients
of the second-order terms in the equations of motion from Refs. [11, 12]. The equation of state is the s95p-PCE-v1
parametrization [13] with chemical decoupling at Tchem = 175 MeV. The kinetic freeze-out is at Tdec = 100 MeV. The
transverse flow and the components of the shear-stress tensor are initially set to zero. We neglect heat conductivity
and bulk viscosity. The remaining hydrodynamic input is then η/s(T ). The parametrizations used in this work [3, 4]
are shown in Fig. 1.
2. Results
Figure 2a shows the centrality dependence of the charged hadron multiplicity in 2.76 TeV Pb+Pb collisions at the
LHC. The measurement of the multiplicity in 0−5 % most central collisions is used to fix the proportionality constant
Ksat. The studied η/s(T ) parametrizations lead to different entropy production during the evolution, and therefore Ksat
must be fixed separately for each η/s(T ). However, once Ksat is fixed, the centrality dependence of the multiplicity, as
well as its dependence on the collision energy, is a prediction of the model. The calculated multiplicities in 200 GeV
Au+Au collisions at RHIC are shown in Fig. 2b, and the prediction for the 5.023 TeV Pb+Pb collisions is shown by
the upper set of curves in Fig. 2a.
Each η/s(T ) parametrization is constructed in a such way that it gives a good description of the elliptic flow
measured in mid-peripheral LHC 2.76 Tev Pb+Pb collisions. The centrality dependence of the vn{2} is shown in
Fig. 3a, compared to the ALICE measurements [17]. As can be seen from the figure, the centrality dependence of the
flow coefficients at the LHC can be described by many different temperature dependencies of the viscosity. Tighter
constraints for η/s(T ) can be obtained by a simultaneous analysis of 200 GeV and 2.76 TeV collisions. This is shown
in Fig. 3b, where the EKRT results, with the same η/s(T ) parametrizations that describe the LHC data, are compared
to the STAR measurements [18, 19, 20].
The relative fluctuation spectra of elliptic flow, δv2 = (v2 − 〈v2〉ev)/〈v2〉ev, provide more direct constraints to the
initial conditions, as they are independent of the viscosity [3]. The calculated probability distribution P(δvn) is shown
in Fig. 4 together with the ATLAS data [21].
Besides the flow coefficients themselves, the correlations between the event-plane angles provide vital additional
constraints to η/s(T ). An example of such correlations is shown in Fig. 4b, where the EKRT model calculation
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Figure 2: Charged hadron multiplicity in 2.76 TeV and 5.023 TeV Pb+Pb collisions (Left) and in 200 GeV Au+Au collisions
(Right). Experimental data are from ALICE [14], STAR [15] and PHENIX [16]. From [4] and [3].
with different η/s(T ) parametrizations is compared to the ATLAS data [22]. It is remarkable that the same η/s(T )
parametrizations, η/s = 0.2 and param1, that give the best description of the flow coefficients at RHIC, also give the
best description of the event-plane correlations at the LHC. Finally, in Fig. 5 we show the EKRT prediction for the
ratio of the 5.023 TeV and 2.76 TeV flow coefficients.
References
[1] K. J. Eskola, K. Kajantie, P. V. Ruuskanen and K. Tuominen, Nucl. Phys. B 570, 379 (2000) [hep-ph/9909456].
[2] R. Paatelainen, K. J. Eskola, H. Holopainen and K. Tuominen, Phys. Rev. C 87, no. 4, 044904 (2013) [arXiv:1211.0461 [hep-ph]].
[3] H. Niemi, K. J. Eskola and R. Paatelainen, arXiv:1505.02677 [hep-ph], submitted to Phys. Rev. C.
[4] H. Niemi, K. J. Eskola, R. Paatelainen and K. Tuominen, arXiv:1511.04296 [hep-ph], submitted to Phys. Rev. C.
[5] R. K. Ellis and J. C. Sexton, Nucl. Phys. B 269, 445 (1986).
[6] R. Paatelainen, PhD thesis, arXiv:1409.3508 [hep-ph].
[7] I. Helenius, K. J. Eskola, H. Honkanen and C. A. Salgado, JHEP 1207, 073 (2012) [arXiv:1205.5359 [hep-ph]].
[8] R. Paatelainen, K. J. Eskola, H. Niemi and K. Tuominen, Phys. Lett. B 731, 126 (2014) [arXiv:1310.3105 [hep-ph]].
[9] K. J. Eskola, K. Kajantie and K. Tuominen, Nucl. Phys. A 700, 509 (2002) [hep-ph/0106330].
[10] S. Chekanov et al. [ZEUS Collaboration], Nucl. Phys. B 695, 3 (2004) [hep-ex/0404008].
[11] G. S. Denicol, H. Niemi, E. Molnar and D. H. Rischke, Phys. Rev. D 85, 114047 (2012) [Phys. Rev. D 91, no. 3, 039902 (2015)]
[arXiv:1202.4551 [nucl-th]].
[12] E. Molna´r, H. Niemi, G. S. Denicol and D. H. Rischke, Phys. Rev. D 89, no. 7, 074010 (2014) [arXiv:1308.0785 [nucl-th]].
[13] P. Huovinen and P. Petreczky, Nucl. Phys. A 837, 26 (2010) [arXiv:0912.2541 [hep-ph]].
[14] K. Aamodt et al. [ALICE Collaboration], Phys. Rev. Lett. 106, 032301 (2011) [arXiv:1012.1657 [nucl-ex]].
[15] B. I. Abelev et al. [STAR Collaboration], Phys. Rev. C 79, 034909 (2009) [arXiv:0808.2041 [nucl-ex]].
[16] S. S. Adler et al. [PHENIX Collaboration], Phys. Rev. C 71, 034908 (2005) [Phys. Rev. C 71, 049901 (2005)] [nucl-ex/0409015].
[17] K. Aamodt et al. [ALICE Collaboration], Phys. Rev. Lett. 107, 032301 (2011) [arXiv:1105.3865 [nucl-ex]].
[18] J. Adams et al. [STAR Collaboration], Phys. Rev. C 72, 014904 (2005) [nucl-ex/0409033].
[19] L. Adamczyk et al. [STAR Collaboration], Phys. Rev. C 88, no. 1, 014904 (2013) [arXiv:1301.2187 [nucl-ex]].
[20] J. Adams et al. [STAR Collaboration], Phys. Rev. Lett. 92, 062301 (2004) [nucl-ex/0310029].
[21] G. Aad et al. [ATLAS Collaboration], JHEP 1311, 183 (2013) [arXiv:1305.2942 [hep-ex]].
[22] G. Aad et al. [ATLAS Collaboration], Phys. Rev. C 90, no. 2, 024905 (2014) [arXiv:1403.0489 [hep-ex]].
3
0 10 20 30 40 50 60 70 80
centrality [%]
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
v n
{ 2} (a)
pT =[0.2 5.0] GeV
LHC 2.76 TeV Pb +Pb
η/s=0.20
η/s=param1
η/s=param2
η/s=param3
η/s=param4
ALICE vn
{
2
}
0 10 20 30 40 50 60 70 80
centrality [%]
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
v 2
/3
{ 2} ,
v 4
{ 3}
(b)
pT =[0.15 2.0] GeV
RHIC
200 GeV
Au +Au
η/s=0.20
η/s=param1
η/s=param2
η/s=param3
η/s=param4
STAR v2
{
2
}
STAR v3
{
2
}
STAR v4
{
3
}
Figure 3: Flow coefficients in 2.76 TeV collisions (Left) and in 200 GeV Au+Au collisions (Right). Experimental data are from
ALICE [17] and STAR [18, 19, 20]. From [3].
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Figure 4: Elliptic flow fluctuations (Left) and event-plane angle correlations (Right) in 2.76 TeV Pb+Pb collisions. The experimental
data are from ATLAS [21, 22]. From [3].
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Figure 5: Ratio of the flow coefficients vn{2} in 5.023 TeV and 2.76 TeV Pb+Pb collisions at the LHC. From [4].
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